Due to the selectivity associated with biorecognition processes, biosensors for detection of numerous analytes have recently been an area of intense research focus. Biosensor applications include realtime in vivo monitoring of biological processes, clinical measurements of biomedical disease markers, real-time industrial and environmental process monitoring, detection of biological warfare agents, and detection of food allergens. While optical biosensors have been widely studied, electrochemical biosensors have some unique advantages, including the ability to incorporate optically opaque materials, including porous materials, avoiding false positives arising from contaminating chromophores, and easier miniaturization. [1] [2] [3] In addition, for portable and implantable applications, they have the additional advantages of simplicity and lower noise levels, because room-temperature optical detectors have relatively high noise levels.
The electrode materials in electrochemical biosensors are constrained by the requirements for both high electrical conductivity and biocompatibility, because biomolecules often denature with prolonged exposure to metal surfaces. To date, this has limited the electrode materials in electrochemical biosensors primarily to Au, Pt, and some form of carbon. 4, 5 Si has been widely employed as a biosensor substrate material, but in the vast majority of applications, biomolecules have been immobilized onto SiO 2 rather than Si, preventing electrochemical interrogation. Recently, immobilization of biomolecules onto n-or p-type Si has been reported through direct formation of a Si-C bond by either alkene/alkyne insertion into Si-H bonds 6, 7 or cathodic electrografting. 8, 9 However, electrochemistry on n-and p-type Si is complicated by the partitioning of the applied potential between the semiconductor space-charge layer and the electrical double layer at the electrode/electrolyte interface. 10 In many such cases, electrochemical processes may be irreversible due to Schottky barrier formation at the semiconductor-electrolyte interface. 10 Here we demonstrate an electrochemical impedance biosensor that employs degenerate Si as the electrode material. Degenerate Si contains extremely high dopant concentrations and behaves like an electrically conducting, not semiconducting, electrode. This impedance biosensor is demonstrated for detection of peanut protein Ara h 1 following surface immobilization of its monoclonal mouse antibody. This was also recently demonstrated in our laboratory using a Au electrode. 11 Peanut protein Ara h 1 is a common food allergen, so detection of this species can address a serious public health problem.
Experimental
As-doped ͑n-type͒ degenerate Si͑111͒ wafers with a thickness of 300 m and a diameter of 50 mm were purchased from Virginia Semiconductor, Inc. The resistivity of these Si wafers is less than 0.005 ⍀ cm. 10-Undecenoic acid was purchased from Alfa; N-͑3-dimethylaminopropyl͒-NЈ-ethylcarbodiimide hydrochloride ͑EDC͒, potassium dihydrogen phosphate, and dipotassium hydrogen phosphate were purchased from Sigma; N-hydroxysulfosuccinimide sodium salt ͑NHSS͒ was purchased from Pierce Biotechnology; peanut protein Ara h1 and anti-Ara h1 mouse monoclonal antibody were purchased from Indoor Biotechnologies. All reagents were used as received. The Ara h1 protein was labeled as the monomeric form.
The degenerate Si electrode was cleaned in ethanol and water and etched in 40 wt % NH 4 F to remove the native oxide. The degenerate Si electrode was then immersed immediately in 10% 10-undecenoic acid in deaerated toluene solution in a photochemical reactor for 19 h where it was exposed to UV light. 12 The UV light source used was a Way Too Cool model WTC 72L-110 that provides a long wavelength output at 352 nm. Photochemical activation is necessary to increase the kinetics of alkene insertion into Si-H bonds, which forms a covalent Si-C bond. The exposed carboxylic acid groups were then activated by immersion for 1 h into 75 mM EDC, 15 mM NHSS, and 50 mM phosphate buffer solution ͑PBS͒ at pH 7.3. Following carboxylate group activation, the antibody to peanut protein Ara h 1 was immobilized by immersing the electrode for 1 h into a solution containing 50 g/mL antibody and 50 mM PBS at pH 7.3. This procedure immobilizes the antibody onto the degenerate Si electrode by amide bond formation to amine groups on the protein surface. 13 This sensor electrode can then be used to detect the peanut protein Ara h1 in solution. Figure 1 illustrates the interface construction and detection scheme.
The degenerate Si electrode was used as the working electrode in a virgin Teflon three-electrode cell with a Pt spiral counter electrode and an Ag/AgCl ͑1.0 M KCl͒ reference electrode. Connection to the Si electrode was made to the back side using Cu tape. This is considerably easier than making an ohmic electrical contact to a Si semiconductor electrode, which typically requires a Ga-In eutectic or other special alloy.
14 Voltammetry measurements were performed using an EG&G PAR 263A potentiostat. Impedance measurements were performed using the same potentiostat coupled to a Solartron 1250 frequency response analyzer over the frequency range 0.05 Hz to 15 kHz with an ac probe amplitude of 5 mV. Each impedance spectrum takes about 2.5 min to acquire. The impedance results were obtained at a dc potential of 0 mV vs Ag/AgCl, which is slightly cathodic to the open-circuit potential ͑OCP͒ ͑about +50 mV͒ in the electrolytes of interest. This procedure was followed to minimize the possibility of Si oxidation. The 10-undecenoic self-assembled monolayer ͑SAM͒ reached steady state immediately, in contrast to the 11-mercaptoundecanoic acid SAM formed on Au, which takes about 30 min to reach steady state, as measured by changes in the OCP.
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Results and Discussion
Before considering impedance studies of protein immobilization on degenerate Si, this new substrate material was characterized by cyclic voltammetry ͑CV͒. Figure 2 shows the voltammogram obtained for bare ͑not oxidized͒ degenerate Si in 50 mM PBS buffer solution and 5 mM K 3 Fe͑CN͒ 6 /K 4 Fe͑CN͒ 6 at pH 7.3 in 10 wt % NH 4 F. This voltammogram shows reversible oxidation/reduction peaks for K 3 Fe͑CN͒ 6 /K 4 Fe͑CN͒ 6 with a peak separation of about 340 mV, suggesting metal-like behavior of this electrode. To the best of the authors' knowledge, reversible hexacyanoferrate oxidation/reduction peaks have not been previously reported for an aqueous electrolyte on a Si electrode of any kind. For comparison, Fig. 2 also presents a voltammogram in the same electrolyte on an n-type Si electrode, showing no Fe͑CN͒ 6 3−/4− oxidation/reduction peaks.
Si electrochemistry has been recently reviewed by Zhang.
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While many redox reactions on Si electrodes have been studied, most are irreversible, often involving Si oxidation and dissolution, metal deposition, or hydrogen evolution. For redox couples such as Fe͑CN͒ 6 3−/4− , whose electrochemistry is typically reversible on metal electrodes, most reported voltammograms do not exhibit both an oxidation peak ͑anodic scan͒ and a reduction peak ͑cathodic scan͒, as seen in Fig. 2 . Reversible aqueous voltammetry on Si has typically been observed primarily on illuminated Si electrodes. 15 Because illumination is a significant constraint for sensing applications, reversible electrochemistry that does not depend on photoeffects is highly desirable.
Few reports exist of reversible aqueous electrochemistry on Si electrodes that are not illuminated. Two-electron oxidation/reduction peaks have been reported for methyl viologen in an aqueous electrolyte for n-type Si electrode following oxide removal in HF, and this was explained by arguing that the Si electrode was under accumulation conditions. 16 Reversible oxidation/reduction peaks have been reported for ferrocene and its derivates on n-and p-type Si, but only through incorporation of the electroactive species into a surface film by direct Si-C bond formation. [17] [18] [19] [20] Metal electrodeposition onto n-type Si has been widely studied by Searson and others, but electrodissolution of noble metals ͑Au, Pt, Ag, Cu͒ from these substrates has not been observed due to Schottky barrier formation. 10 Generally, during the cathodic sweep, the metal deposition peak overlaps with hydrogen evolution, but no current peak is observed during the anodic sweep. However, it should be noted that Penner's group has reported at least partially reversible Ag electrodeposition on degenerate n-type Si͑100͒, although degenerate Si electrochemistry was not thoroughly investigated. 21 In addition, at least partially reversible deposition of less noble metals such as Pb has been demonstrated on n-type Si. [22] [23] [24] In summary, reversible aqueous electrochemistry such as that illustrated in Fig. 2 has not often been reported.
The impedance spectra obtained at different stages of degenerate Si electrode preparation are shown in Fig. 3 . The best complex nonlinear least square ͑CNLS͒ fitting results for these spectra to a standard Randles equivalent circuit are given in Table I . Here R s is the solution phase resistance, R ct is the charge-transfer resistance, and C d is the differential capacitance. The introduction of a constant phase element was unnecessary. Initial formation of a SAM from 10-undecenoic acid results in an extremely high charge-transfer resistance ͑R ct ͒. However, the charge-transfer resistance is reduced by immobilization of the NHSS layer, because its terminal carboxylate groups are electrochemically active. The charge-transfer resistance increases again with immobilization of the antibody to peanut protein Ara h1.
The change in the impedance spectra upon introduction of in- creasing concentrations of peanut protein Ara h 1 is shown in Fig. 4 . The best-fit CNLS results for these results fit to a standard Randles equivalent circuit are given in Table II . The variations in both the differential capacitance ͑C d ͒ and charge-transfer resistance ͑R ct ͒ with Ara h 1 concentration appear to be physically reasonable. As the average protein film thickness increases due to further protein binding, the effective capacitance decreases with the increase in polymer film thickness. In addition, as the polymer film thickness increases, the charge-transfer resistance ͑R ct ͒ increases as the degenerate Si electrode becomes more inaccessible to charge transfer. The relative change in R ct is much greater than the relative change in C d , as is often seen in impedance studies of protein binding. 25 Although the detection limit was not quantitatively determined, the lowest concentration studied here is 0.005 g/mL, which corresponds to 0.08 nM.
Several advantages are expected for degenerate Si electrodes relative to other electrode materials for electrochemical biosensors. For example, although direct comparison is difficult, the organic linker chemistry used here on degenerate Si should be more stable than the more popular thiol linker chemistry on Au. Oxidation of alkanethiol SAMs on Au has been shown to occur rapidly in ambient conditions. 26, 27 Because Si is directly beneath C in the periodic table, the stability of the Si-C-C bond chain is expected to be considerably higher than that of the Au-S-C bond chain. The organic linker chemistry employed here to form Si-C covalent bonds is stable for at least 1 week. The bond energy of the Si-C bond in Si-CH 3 is about 520 kJ/mol, while that of the Au-S bond ranges from 125 to 150 kJ/mol, depending on the length of the hydrocarbon chain. 28 In addition, recent atomic force microscopy studies report that the Si-C bond ruptures at an applied force of 2.0 Ϯ 0.3 nN while the Au-S bond ruptures at 1.4 Ϯ 0.3 nN. 29 Immobilization of biomolecules onto carbon electrodes may provide excellent stability as well. 30, 31 However, carbon electrodes of various types have the well-known drawback of exhibiting complex electrochemistry that depends on the type of carbon, surface preparation, and on chemical treatment. [32] [33] [34] Furthermore, the most critical advantage of degenerate Si electrodes relative to carbon electrodes is much easier incorporation into ultralarge-scale integrated technology, which is Si-based.
Another advantage expected for Si electrodes relative to Au electrodes is that they should be self-passivating, because Si surface sites that do not form Si-C bonds should rapidly oxidize. In other words, exposed Si atoms, unlike Au, will rapidly oxidize and become electrochemically inert, except in the presence of both high fluoride concentrations and low pH, which would rapidly denature proteins anyway. Evidence for this argument is provided by the quite high charge-transfer resistance ͑9.51 ϫ 10 5 ⍀ cm 2 ͒ reported here for 10-undeceneoic acid on degenerate Si. Such high values for the charge-transfer resistance are not typically observed for Au-S SAMs.
The authors are aware of only one research group, Hamers and co-workers, that has reported the use of Si as a substrate for impedance biosensing. 35, 36 They have reported impedance detection of antibody-antigen interactions and DNA hybridization on both n-and p-type Si. They had to use more elements in their equivalent circuit than the current study to account for the resistance and capacitance of the space-charge layer. They also observed somewhat different sensor results on n-and p-type Si, complicating their understanding of sensor performance. The use of a degenerate Si electrode allows a simpler equivalent circuit analysis, easier electrical connection to the working electrode, and knowledge that the applied potential is dropped within the electrical double layer, not within the semiconductor space-charge layer.
One might argue that impedance biosensors can be constructed on n-and p-type Si electrodes by operating them under accumulation conditions, which are characterized by injection of majority carriers into the space-charge region. While this is true, this causes serious complications, particularly for practitioners unfamiliar with semiconductor physics. Two recent studies that utilize electrochemical impedance spectroscopy to study n-and p-type Si illustrate some of the complexities involved. 37, 38 Studying p-type Si under accumulation conditions requires application of a significant anodic potential, which causes difficulties in many electrolytes given the strong reactivity of the Si electrode. Obtaining accumulation conditions on n-type Si requires applications of a significant cathodic potential, where hydrogen evolution is often the dominant reaction. As a result, one cannot guarantee a priori that a surfaceimmobilized biomolecule will be stable atop either an n-or p-type Si electrode under accumulation conditions, because biomolecules may denature with application of an extreme potential. In addition, one cannot always easily discern whether an n-or p-type Si electrode is under accumulation conditions due to ambiguities in analyzing capacitance measurements, or measurements using other analytical methods. 38 Given the complications reported by Hamers and co-workers for impedance biosensors on n-and p-type Si electrodes, the current suggestion of using degenerate Si electrodes seems to be a highly significant advantage.
Another advantage of using a degenerate Si electrode relative to a semiconducting Si electrode is that the electrode behavior is not light-sensitive. For n-and p-type Si electrodes under light illumination, minority charge carriers are injected and complicate the charge transfer at the interface. Also, photogenerated holes in n-type Si are highly energetic and might conceivably denature an immobilized protein; however, recombination in degenerate Si will be quite rapid. In addition, any requirement for light illumination during biosensor operation is highly undesirable because this constrains possible applications.
Careful inspection of the results in Table II suggests that the surface-immobilized antibody film is becoming saturated with peanut protein Ara h 1 at high protein concentration. In other words, the incremental change in R ct and C d per unit increase in peanut protein concentration is reduced at high protein concentration. This information can be used quantitatively to further understand the antigenantibody interaction during immobilization onto degenerate Si by estimating the dissociation constant. The dissociation reaction for the allergen ͑A͒ and its antibody ͑Y͒ is given below for the equilib-
Assuming the surface coverage of the antibody-antigen complex is , the surface coverage of unbound antibody will be 1 − , so
The dissociation constant can then be obtained by relating either the charge-transfer resistance ͑R ct ͒ or differential capacitance ͑C d ͒ to the surface coverage. For fundamental reasons, the capacitance is a better choice, because protein-bound and unbound surface sites can be considered to be parallel circuit elements, and only capacitance elements in parallel combine in an additive manner. However, this analysis does not appear to be meaningful due to the small capacitance changes seen in Table II and the scatter in these results. Instead, this analysis will use R ct , because these results from Table II show both a larger change with increasing peanut protein concentration and less scatter. Assuming a Langmuir adsorption isotherm and a linear relationship between the surface coverage ͑͒ and R ct −1
where
The unitless change in R ct should be put into the Hanes-Woolf form to avoid overweighting of the data at low protein concentrations
The corresponding plot is given in Fig. 5 . The dissociation constant is calculated by dividing the intercept by the slope, which is 0.014 g/mL, which corresponds to 0.25 nM. This is reasonably close to the value ͑0.52 nM͒ obtained on a Au electrode.
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Conclusions
CV of bare ͑nonoxidized͒ degenerate Si in solutions of NH 4 F and K 3 Fe͑CN͒ 6 /K 4 Fe͑CN͒ 6 exhibits reversible electrochemistry, with a peak separation of about 340 mV, a phenomenon not previously reported for Si electrodes in an aqueous environment. The presence of F − prevents formation of the Si native oxide, while the use of a degenerate Si substrate makes its electrochemical behavior more like that of a metal. In other words, the applied potential is dropped across the electrical double layer, not across a space-charge layer.
In addition, impedance detection of peanut protein Ara h 1 is demonstrated on a degenerate Si electrode following immobilization of the monoclonal mouse antibody to this protein. This immobilization procedure includes covalent Si-C bond formation through alkene insertion into a Si-H bond, forming a more stable biosensor interface than the commonly used Au-S covalent bond formation. In addition, the degenerate Si electrode is "self-passivating" due to oxidation of bare Si sites that do not react during electrode preparation. The concentration of peanut protein Ara h 1 causes a moderate decrease in the differential capacitance and a much larger relative increase in the charge-transfer resistance. The detection limit is estimated to be 0.08 nM. In addition, the variation in charge-transfer resistance with protein concentration is employed to estimate the dissociation constant of the surface-immobilized antibody-antigen complex as approximately 0.25 nM.
